High-resolution laser-induced fluorescence spectrum of a jet-cooled NiI molecule has been recorded in the near infrared and visible regions. The NiI molecule was produced by reacting laser-ablated nickel atom and methyl iodide (CH 3 I). Three electronic states have been identified that include the X 2 ⌬ 5/2 and two low-lying ͓13.9͔ 2 ⌸ 3/2 and ͓14.6͔ 2 ⌬ 5/2 excited states. Molecular transition bands (vЈ,0) of the ͓13.9͔ 2 ⌸ 3/2 ϪX 2 ⌬ 5/2 system with vЈϭ0, 4 -9, and the (vЈ,0) bands of the ͓14.6͔ 2 ⌬ 5/2 ϪX 2 ⌬ 5/2 system with vЈϭ0 -6 were observed and analyzed. Spectra of isotopic molecules confirmed the assignment of vibrational quantum number of the observed bands. Least squares fit of rotational transition lines yielded accurate molecular constants for the states studied. The bond length r 0 measured for the X 2 ⌬ 5/2 is 2.3479 Å and the equilibrium bond length, r e , for the ͓13.9͔ 2 ⌸ 3/2 and ͓14.6͔ 2 ⌬ 5/2 are, respectively, 2.4834 and 2.5081 Å. With the use of a molecular orbital energy level diagram, we have examined the electronic configurations that give rise to the X 2 ⌸ 3/2 ground state for NiF, NiCl, and NiBr, but the X 2 ⌬ 5/2 state for NiI. This work represents the first spectroscopic study of the NiI molecule.
I. INTRODUCTION
Transition metal monohalides are important model systems for understanding the role of the d electrons in chemical bonding. 1 Spectroscopic studies of these monohalides yield useful information on d orbital occupation in chemical bonds, and it is interesting to compare in detail the spectroscopic properties of various monohalides to examine the effects of the halogens as a ligand to the transition metal d orbitals. Among the first transition metal period, there has been considerable interest in the spectroscopic properties of nickel monohalides in recent years. Work includes study of the ground and excited states using high resolution Fourier transform ͑FT͒ spectroscopy, FT microwave spectroscopy, and laser-induced fluorescence spectroscopy. For NiF [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and NiCl, [12] [13] [14] [15] [16] [17] [18] [19] good knowledge of electronic structure of the ground and excited states has been obtained through years of hard work of many workers, however, for the latter two nickel monohalides, namely, NiBr and NiI, only limited spectroscopic information is available. Recently Leung et al. 24 using high resolution laser spectroscopy, identified unambiguously the ground and three low-lying electronic states for NiBr, but, up until the present moment, nothing is known for NiI.
In this paper, we report rotationally resolved nearinfrared and visible spectroscopic studies of the ground and low-lying electronic states of NiI using the technique of laser vaporization/reaction with free jet expansion and laserinduced fluorescence ͑LIF͒ spectroscopy. Two electronic transitions: the ͓13.9͔ 2 ⌸ 3/2 ϪX 2 ⌬ 5/2 system and the ͓14.6͔ 2 ⌬ 5/2 ϪX 2 ⌬ 5/2 system have been recorded and analyzed. Spectra of isotopic molecules: 58 NiI and 60 NiI were observed and analyzed. Line positions measured for both isotopes were fit to retrieve vibrational and rotational constants for X 2 ⌬ 5/2 , ͓13.9͔ 2 ⌸ 3/2 and ͓14.6͔ 2 ⌬ 5/2 states. In addition, with the use of a molecular orbital energy level diagram, we have examined the electronic configurations that give rise to the X 2 ⌸ 3/2 ground state for NiF, NiCl, and NiBr, but the X 2 ⌬ 5/2 state for NiI.
II. EXPERIMENTAL DETAILS
NiI molecule was produced by the reaction of laserablated nickel atom with methyl iodide (CH 3 I) under supersonic free jet conditions, and NiI spectra were recorded using laser-induced fluorescence spectroscopy. Experimental apparatus used in this experiment, detailed procedures for generating transition metal containing molecules and recording their LIF spectra have been discussed in our earlier publication, 25, 26 only a brief description of the experimental conditions is given here. A laser pulse of 532 nm, 9-10 mJ from a Nd:YAG laser was focused on the surface of a nickel metal rod to generate nickel atoms. A pulsed valve, with an appropriate delay, released gas mixture of 3% CH 3 I in argon to react with the nickel atoms. The operating cycle of the Nd:YAG laser-pulsed valve system was 10 Hz. The backing pressure at the pulsed valve was set to 5 atm. The jet-cooled NiI molecule was excited by an argon ion pumped ring dye laser operating with DCM and R6G dyes in the visible region and a ring Ti:sapphire laser with short-wavelength ͑SW͒ optics in the near-infrared region. The laser-induced fluorescence signal was collected by a lens system and detected by a photomultiplier tube ͑PMT͒. The PMT signal was fed into a boxcar integrator for averaging. The width of the molecular a͒ Permanent address: Laboratory of Bond Selective Chemistry, University of Science and Technology of China, Hefei, Anhui 230026, People's Republic of China. b͒ Author to whom correspondence should be addressed; fax: ͑852͒2857-1586; electronic mail: hrsccsc@hku.hk transition lines measured was about 250 MHz. The wavelength output of both the dye and the Ti: sapphire lasers was measured by a wavemeter with a repetition rate of 1 Hz and an accuracy of 1 part in 10 7 . The absolute wavelength calibration of the wavemeter was checked against I 2 absorption lines, which were accurate to about Ϯ0.002 cm Ϫ1 in the visible and near-IR regions. 27 Hundreds of scans were made and connected together by a computer program using the wavemeter readings.
III. RESULTS AND DISCUSSION

A. General features
The laser-induced fluorescence spectrum of NiI in the visible region between 588 and 720 nm has been observed and analyzed. Molecular transition bands are generally easy to identify because of the small B value ͑0.065 cm Ϫ1 ͒ and reasonable large vibrational separations ͑230 cm Ϫ1 ͒. Two transition systems: ͓13.9͔ 2 ⌸ 3/2 ϪX 2 ⌬ 5/2 and ͓14.6͔ 2 ⌬ 5/2 ϪX 2 ⌬ 5/2 were observed and analyzed. Our spectra showed that the ͓13.9͔ 2 ⌸ 3/2 ϪX 2 ⌬ 5/2 system is slightly weaker than the ͓14.6͔ 2 ⌬ 5/2 ϪX 2 ⌬ 5/2 system. Figure 1 depicts the vibronic transition bands studied in this work.
Our initial survey spectrum indicated that the molecular transition bands, obtained using the DCM dye, were high in vibrational numbering because of large isotopic shifts. Six band heads appear at 14 803.6, 15 030.7, 15 256.3, 15 480.3, 15 702.6, and 15 923.4 cm Ϫ1 were assigned as the (v,0) bands with vϭ4 -9. Based on the vibrational separations of the observed vibronic bands and also the isotopic shifts, the vibrational numbering of the upper state was assigned unambiguously. Further to the assignment of the (v,0) bands with vϭ4 -9, we made use of the vibrational information to predict the origin of the other bands with lower vibrational quantum number. Using our Ti:sapphire laser with short wave ͑SW͒ optics, the ͑0,0͒ band head was observed at 13 879.3 cm Ϫ1 . Due to the limitation in laser coverage, we could not record the (v,0) band with vϭ1 -3. The observed band consists of resolved P, Q, and R branches. Line assignments were simple because the first line of each branch was identified. Figure 2 shows the band head region of the ͑0, 0͒ band, the R branch head of the 58 NiI and 60 NiI lie very closed to each other. The P, Q, and R branches have a first line with Jϭ2.5, which established the upper and lower substates, have ⍀Ј and ⍀Љ values of 1.5 and 2.5, respectively. It is easily noticed that the Q and P branches are stronger in intensity than the R branch, which is consistent with a transition of ⌬⌳ϭϪ1. We have assigned the transition as the ͓13.9͔ 2 ⌸ 3/2 ϪX 2 ⌬ 5/2 system. Since our spectrum was recorded at a relatively low temperature, only low J lines were observed (Jр30.5), no ⌳-type doubling was detected. The observed line positions were fit to a standard formula:
where the usual meaning of Ј and Љ are, respectively, for upper and lower states. In our analysis, a band-by-band least squares fit to the line positions was initially performed and subsequently all the available line positions of each isotopic molecule were merged together in the final fit. The centrifugal correction terms for both the upper and lower states were set to the value derived from the Kratzer relation. Our results are listed in Table I .
Seven vibronic transition (v,0) bands with vϭ0 -6 of this system was observed. Each of these bands consists of resolved P, Q, and R branches. Figure 3 shows the band head region of the ͑1, 0͒ band of this system. The first line of each P, Q, and R branches are, respectively, with Jϭ3.5, 2.5, and 2.5, which indicated that ⍀Јϭ⍀Љϭ2.5 for both upper and lower states. The intensity of the P and R branches is higher than the Q branch, which agrees well with a ⌬⍀ϭ0 and ⌬⌳ϭ0 transition. The observed transition has been assigned as the ͓14.6͔ 2 ⌬ 5/2 ϪX 2 ⌬ 5/2 system. We have noticed that the vϭ6 band observed in this system has a sizable linewidth at low J values. Since 58 Ni and 60 Ni have no nuclear spin, such an increase in the linewidth is caused by the magnetic hyperfine interaction of the magnetic moment of un- paired electrons with the magnetic moment of the iodine nucleus with Iϭ 5 2 , and may possibly also come from the electric quadrupole interaction of the iodine nucleus spin. Work is currently in progress to study the details of the hyperfine structure. We have performed a least squares fit to the line positions of the observed bands using the expression in Eq. ͑1͒. The results are listed in Table II . A list of line positions of the two isotopes for the vibronic bands observed for both ͓13.9͔ 2 ⌸ 3/2 ϪX 2 ⌬ 5/2 and ͓14.6͔ 2 ⌬ 5/2 ϪX 2 ⌬ 5/2 systems of NiI is available from EPAPS. 28 The root-meansquares ͑rms͒ error of the merged least squares fit was 0.0018 cm Ϫ1 . Molecular constants for the X 2 ⌬ 5/2 , ͓13.9͔ 2 ⌸ 3/2 , and ͓14.6͔ 2 ⌬ 5/2 states are reported for the first time. Equilibrium molecular constants for ͓13.6͔ 2 ⌸ 3/2 and ͓14.6͔ 2 ⌬ 5/2 states for NiI are listed in Table III .
D. Isotopic relationship between 58 NiI and 60 NiI
The vibrational quantum number assignment of the vibronic bands observed was confirmed by examining the isotopic relationship of the observed bands. The molecular parameter of isotopic molecules are approximately related by different powers of the mass dependence ϭ(/ i ) 1/2 , where and i are the, respectively, reduced mass of 58 NiI and 60 NiI. 29 Table III shows a comparison of the calculated and observed equilibrium molecular parameters. The agreement of these parameters is excellent.
E. Electronic configurations and ground state of nickel monohalides
From the available spectroscopic information, the effect of a halogen as a ligand to split the nickel d orbitals can be examined. Figure 4 presents qualitatively the relative energy of the molecular orbitals ͑MOs͒ formed from Ni and the halogens. Since the halogen atom has no valence orbital with ␦ symmetry, the 1␦ MO is essentially unaffected by the halogen atom, therefore, the MOs are arranged so that the 1␦ MO of the monohalides is placed at the same energy in the figure. The construction of the molecular orbital energy level diagram depends on the relative energy of the 3d, 4s, and 4p orbitals of the Ni atom and the p orbitals of the halogen atom. The ionization potential ͑IP͒ of the Ni and halogen atoms indicates how easily the outermost electron can be removed, which establishes the relative energy of the valence orbitals of the Ni and halogen atoms. Figure 4 shows the MO formed from the Ni 4s and 3d atomic orbitals ͑AOs͒ and the iodine 5p AOs. The bonding orbitals 1 and 1 are mainly formed from the iodine 5p AO with the Ni 4s AO and iodine 5p AOs with Ni 4p AOs, respectively. The 2 MO is based on the combination of Ni 4s and the iodine 5 p AOs. The 2 MO is formed from the Ni-based 3d-4p and of the iodine 5p AOs. The 1␦ MO is essentially a pure Ni 3d␦ AO because there is no other orbital of ␦ symmetry lying nearby. The electronic configurations giving rise to the observed ground and low-lying electronic states are
The ͓13.9͔ 2 ⌸ 3/2 ϪX 2 ⌬ 5/2 and the ͓14.6͔ 2 ⌬ 5/2 ϪX 2 ⌬ 5/2 transitions observed in this work are likely to be the promotion of an electron, respectively, from the 2 MO and 2 MO to the 3 MO. The 1␦ orbital is always with one vacancy to be filled, which gives rise to the observed inverted states. From the MO energy level diagram in Fig. 4 , we could also explain the ionic nature of these monohalides. There are five valence electrons in the p orbitals of the halogen and ten valence electrons in the 3d and 4 s orbitals of nickel. Since the 1 and 1 MOs are essential the p AOs of the halogen atom, in order to probably fill up these two MOs: one electron from the valence shell of the Ni atom has to be transferred to the 1 orbital. Such a move of electron from the Ni atom to the halogen atom forms the expected Ni ϩ X Ϫ ionic compound. The other nine electrons of the Ni atom occupy the 2, 2, and 1␦ MOs as shown in the above electronic configurations.
Generally, the electronic states of NiI should be quite similar to those found in isovalent molecules such as NiF, NiCl, and NiBr. These isovalent molecules all have X 2 ⌸ 3/2 ground state and the A 2 ⌬ 5/2 lying higher in energy, however, NiI has X 2 ⌬ 5/2 as its ground state that deserves some discussion because it is not the expected X 2 ⌸ 3/2 state as in NiF, 12 NiCl, 13 and NiBr. 24 Table IV lists the spectroscopic parameters for the low-lying 2 ⌸ and 2 ⌬ states observed for nickel monohalides. It is interesting to note the energy separation between the A 2 ⌬ 5/2 and X 2 ⌸ 3/2 drops from 830 cm Ϫ1 in NiF, 161 cm Ϫ1 in NiCl to 37.5 cm Ϫ1 in NiBr. Since the A 2 ⌬ 5/2 state arises from the unpaired electrons in the 1␦ MO that is mainly coming from the nickel atom and subject to the least influence from any halogen atom, the relative drop in energy separation should be viewed as the decrease in energy that occur in the 2 and 2 orbitals in the halides rather than the 1␦ MO. Furthermore, the decrease in energy of the 2 and 2 orbitals can be ascribed to the change in the relative orbital energy of the p AO of the halogens with respect to the 3d and 4s AO of Ni. From the trend observed in NiF, NiCl, and NiBr, it is plausible to explain that the decrease in energy of the 2 and 2 MO with respect to the 1␦ MO in NiI is the major reason for the 2 ⌬ 5/2 state as the ground state for NiI rather than the 2 ⌸ 3/2 state as in the other isovalent monohalides. Presently, we only know that the 1␦ and 2 MOs are lying very close in energy to each other, but which MO is of lower energy is still a question; this is because the correlation energy of the electrons in each MO is not known. In order to better understand the whole picture, spin-orbit interaction should be considered. The work on NiF and NiCl as listed in Table IV provides information for us to analyze the spinorbit interaction of the low-lying electronic states. 30 The following is a summary of the observed spin-orbit separations of NiF and NiCl ͑cm Ϫ1 ͒: The spin-orbit separation of an electronic state in Hund's case ͑a͒ is given by A⌳, where A is the spin-orbit constant and ⌳ is the orbit angular momentum projected onto the intermolecular axis. 29 For the 2 ⌸ and 2 ⌬ states, the spinorbit separation between the two ⍀ components are, respectively, A and 2A.
The microscopic spin-orbit Hamiltonian 31 can be written as H so ϭ ͚ i a i l i •s i , which is a single-electron operator. Using this operator and a single configuration representation for the electronic state, it is possible to correlate the observed spin-orbit constant to the one electron spin-orbit parameter.
The contribution of the ␦ ϩ ␣␦ ϩ ␤ subshell to the spin-orbit matrix element is zero. For the 2 ⌬ 3/2 substate, the wave function is ͉␦ ϩ ␣␦ ϩ ␤␦ Ϫ ␤͘, and
͑7͒
therefore, the spin-orbit constant, A, for a 2 ⌬ state in ␦ 3 configuration is related to a ␦ ,
͑8͒
Similarly, the spin-orbit constant for a 2 ⌸ state in the 3 configuration is related to a ,
Since the spin-orbit interaction observed in the nickel monohalides is dominated by the Ni atom, the value of a ␦ can be compared with the observed spin-orbit constant directly. The atomic spin-orbit parameter ͑͒ is 672 cm Ϫ1 for Ni ϩ . 31 In the case of a 2 ⌬ state mainly from Ni ϩ 3d␦, A ϭa ␦ ϭ672 cm Ϫ1 . This a ␦ value is in very good agreement with the observed spin-orbit constant of 697 and 744 cm Ϫ1 for NiF and NiCl, respectively. We do not have any theoretical estimate of the a value at the present moment. Nevertheless, when compared with the spin-orbit constant, A ϭ349 cm Ϫ1 , of the 3 ⌸ state of NiO, 32 the agreement between the measured spin-orbit constant in the 2 ⌸ state with Aϭ398 cm Ϫ1 is excellent. This indicates that the Ni ϩ atom also dominates the spin-orbit interaction in the ⌸ state.
Judging from the spin-orbit separation of the 2 ⌬ i state is four times larger than the 2 ⌸ i state and the tendency of the 2 MO is moving closer to the 1 ␦ MO, it is legitimate to expect the 2 ⌬ 5/2 to be the ground state of NiI. The theoretician performing ab initio calculations incorporating a spinorbit interaction could help to compute the energy of the low-lying spin-orbit components of these states. Furthermore, we have work in progress to search for the A 2 ⌸ 3/2 state that is predicted to lie not too far from the X 2 ⌬ 5/2 in NiI.
It is also interesting to note the variations of spectroscopic properties down the halogen group among the ground and low-lying states. The bond length of the electronic states increases down the group is due to the increase in the size of the atom down the group. The bond length of the A 2 ⌬ 5/2 state arises from electronic configuration ͑2͒ in NiF, NiCl, and NiBr is always shorter than that of the X 2 ⌸ 3/2 from electronic configuration ͑3͒, which is consistent with the bonding nature of the 2 MO and the nonbonding nature of the 1␦ MO. The vibrational constant of the nickel monohalides decreases down the halogen group. Since the force constant is proportional to the product of the reduced mass and the square of the vibrational frequency, we note that the force constant also decreases down the group, which indicates that the chemical bond between the metal and the halides weaken from F to I. This is expected as the order of the halogen ion in the spectrochemical series is F Ϫ ϾCl Ϫ ϾBr Ϫ ϾI Ϫ .
